Most current photosynthesis models, and interpretations of many wholeleaf CO2 gas exchange measurements, are based on the often unstated assumption that the partial pressure of CO2 is nearly uniform throughout the airspaces of the leaf mesophyll. Here we present measurements of CO2 gradients across amphistomatous leaves allowed to assimilate CO2 through only one surface, thus simulating hypostomatous leaves. We studied five species: Eucalyptus pauciflora Sieb. ex Spreng., Brassica chinensis L., Gossypium hirsutum L., Phaseolus vulgaris L., and Spinacia oleracea L. For Eucalyptus, maximum CO2 pressure differences across the leaf mesophyll were 73 and 160 microbar when the pressures outside the lower leaf surface were 310 and 590 microbar, respectively. Using an approximate theoretical calculation, we infer that if the CO2 had been supplied equally at both surfaces then the respective mean intercellular CO2 pressures would have been roughly 12 and 27 microbar less than the pressures in the substomatal cavities in these cases. For ambient CO2 pressures near 320 microbar, the average and minimum pressure differences across the mesophyll were 45 and 13 microbar. The corresponding mean intercellular CO2 pressures would then be roughly 8 and 2 microbar less than those in the substomatal cavities. Pressure differences were generally smaller for the four agricultural species than for Eucalyptus, but they were nevertheless larger than previously reported values.
there. Because no net CO2 exchange occurred through that side, the CO2 pressure measured in that cuvette would be close to the pressure in the substomatal chambers. The other chamber was operated normally, and pi was calculated for that side using the methods of Caemmerer and Farquhar (1) (a list of abbreviations used in this paper can be found in Table I ). The maximum differences in CO2 pressure across the mesophyll were 10 to 14 ,ubar. These results suggest that in a 'one-sided' leaf having internal structure similar to that in cotton and cocklebur, pi should vary by no more than about 14 ,ubar across the mesophyll. Mott and O'Leary (4) performed a modified version of the Sharkey experiment using open gas exchange systems on both sides of sunflower and cocklebur leaves. They operated the system normally on one side, and adjusted the ambient CO, level at the other side until no net gas exchange occurred there. This technique allowed them to maintain small and equal positive pressures in both chambers. This method prevented room air (often high in CO2) from leaking into either chamber, and also removed any pressure difference that might drive a bulk flow of air through the leaf.
In sunflower, Mott and O'Leary (4) found no measurable differences in the estimates of c; at the two surfaces. In (9) estimated the resistance for cocklebur to be 1.0 m2 s mol-l. It is possible that the equilibrium method used by these authors caused a bulk flow of air through the leaf; if such a flow occurred, it would lead to underestimates both of cross-mesophyll diffusion resistance and of estimated CO2 gradients.
The measurements just described indicated a rather wide range of CO2 pressure differences across amphistomatous leaves constrained to assimilate CO2 through only one surface. Mathematical models for three-dimensional CO2 diffusion in leaves also predict that CO2 pressure differences may be quite large in some leaves (5, Figure 4B was about 80% expanded. The leaves of the snow gum seedlings varied from the juvenile form (leaf surface held horizontally) to the adult form (leaf surface held vertically). Leaf thicknesses are noted in Table II. Gas Exchange System. Rates of CO2 assimilation and transpiration were measured for attached leaves using a small (1 x 3 cm2 projected area) double sided glass and aluminum chamber. The through-flow gas exchange system consisted of one C02-free air supply and one air humidifier. After passing through the humidifier, the airflow was split into two circuits, each having a gas mixing unit, an absolute infrared CO2 analyzer (Beckman 315B or Binos 1), a differential infrared CO2 analyzer, and a Humicap humidity sensor (Vaisala Co., Finland). In the early stages of our measurements, we were concerned that the large values of zp, found might be artifacts caused by differential errors in the two gas exchange systems. To ensure that the measured differences were not produced by such errors, we periodically exchanged the connections of inlet and outlet tubing to the two chambers. ,bar, with most being within 10 ,ubar.
Leaf Assimilation versus pi. Figure 3 shows the variation of net leaf assimilation with pi, corresponding with the data shown in Figure 1 . The variation of A with pi is similar for the different leaves when they were fed at the top (irradiated) surface only. The response curves for the various leaves were less similar when CO2 was fed to the bottom surfaces only. When CO2 was fed in the latter way, some (but not all) of the relatively thick-leaved eucalypts tended to assimilate less rapidly than when they were fed with similar pi values at the top surface.
Two of the seven snow gum leaves were studied especially intensively, and curves relating assimilation to pi for these leaves are plotted in Figure 4 .
DISCUSSION AND CONCLUSIONS
Our results have several implications for modeling whole-leaf photosynthesis and for interpreting gas-exchange measurements of leaves; we discuss those implications below. However, our measurements were made with amphistomatous leaves that were constrained to operate in hypostomatous (or hyperstomatous) states when fed through only one surface. It is thus important to estimate how large the variations in CO2 pressure might be within normal amphistomatous and hypostomatous leaves.
In fact, lower CO2 pressure variations are to be expected in ordinary amphistomatous leaves because there are two surfaces admitting CO2 rather than one, and because average diffusion distances are cut by half. The analysis in the Appendix suggests that the differences between the substomatal and average internal partial pressures of CO2 in the leaf will be roughly one-sixth of the differences in substomatal pressures measured when CO2 is admitted through one surface. The factor of one-sixth is derived from a one-dimensional analysis that neglects any limitations to paradermal diffusion. A more correct three-dimensional analysis would yield a higher factor (e.g. perhaps one-fifth) but the exact value would depend on stomatal conductances, leaf thickness and structure, and enzyme activities. (We were not able to measure leaf structure and enzyme activities within the scope of this study). The estimated differences presented in Table  II are derived using the factor of one-sixth obtained from the simplified one-dimensional analysis.
Variations in CO2 pressure across amphistomatous leaves assimilating through similar stomatal conductances on both surfaces are likely to be much lower than most of those we have measured. Indeed, when the ambient CO2 levels at the two surfaces were equal and both sides were assimilating, Ap, varied from 0 to 20 ,ubar (Fig. 1) . These differences are similar to those reported by Mott and O'Leary (4) . However, one can only estimate pi at the surfaces for such leaves-we know of no way to measure the actual internal gradients. Furthermore, conductances are often lower on the upper surfaces than on the lower in amphistomatous leaves (8) , and this imbalance could make the gradients larger than they would be if conductances were equal on both surfaces.
The CO2 pressure gradients may be large in hypostomatous leaves as well, but we know of no technique to measure pressure variation in such leaves. One might infer that CO2 assimilation in hypostomatous leaves that were otherwise similar to those studied here could be substantially limited by intercellular diffusion. It is likely that gradients in cell structure and in biochemical activities have evolved differently in hypostomatous leaves to decrease the limitation somewhat.
In any case, one would expect the pressure gradients to be greatest in thick leaves with high cell density (low porosity), high assimilation rates, and small substomatal chambers (6) .
The CO, pressure differences across the mesophyll were generally greater when CO, entry took place only at the lower surface than when it occurred only through the upper surface. This suggests that the CO2 fixation capacity is greatest in tissue near the upper surface, as it should be if local light levels are higher there and if RuBP-carboxylase activities are high there. Evidence for such enzyme and light distributions (in Camellia and spinach) has been presented by Terashima et al. (10-12) .
For the snow gum leaf represented in Figure 4A , one can see that net assimilation rates at a given pi were similar when either the top surface or both surfaces were fed CO, but were only about three-fourths as great when only the bottom surface was fed. The second leaf (Fig. 4B) Figure   1 . Further, some of the points shown in Figure 2 (10) (11) (12) , the activity of that enzyme varies through the mesophyll thickness in leaves of some species. Although such variation may be a response to a light gradient within the leaf, it may also represent a balancing between local CO2 pressures and local enzyme activities in a way that increases the overall assimilation rate of the leaf. We hope in the future to test this speculation using variations on the model described in Ref. (7) . 
